The role of capillary forces during buoyant migration of CO2 is critical towards plume 16 immobilization within the post-injection phase of a geological carbon sequestration operation. 17
Summary of density (), viscosity (), and interfacial tension (IFT) of surrogate fluids 135 at experimental P-T conditions and actual fluids of scCO2 and brine at reservoir conditions. 
Experimental aquifer tank 140
Both homogeneous and heterogeneous scenarios are performed in a sand pack enclosed by a 141
Plexiglas and aluminum tank with internal dimensions (L × W × H) of (244 × 5 × 80.8) cm 3 . Each 142 experiment consists of four stages: two NWP injection events separated by as many fluid 143 redistribution (gravity relaxation) stages, during which the plume is allowed to reach hydrostatic 144 equilibrium. Figure 1 illustrates the geometry of the tank setup and the sand arrangement for the 145 homogeneous configuration (#50 sand for the aquifer, #8 sand for injection well and boundary 146 layers, a fine sand mixture for the bottom and top aquitards, and a clay layer as caprock). The 147 aquifer has a 5% slope (3° dip angle) achieved by tilting the setup during packing and a constant 148 background WP flow is maintained in the updip direction by two constant head reservoirs 149 connected to the coarse sand boundaries. The injection well consists of a 10-cm-high acrylic pipe 150 (internal diameter, I.D.=4.5 cm) filled with #8 sand. The well is open at the top and supplied with 151 NWP through the bottom from a constant pressure reservoir (a Mariotte's bottle) sitting on an 152 electronic scale at 50 cm above the potentiometric surface. Since this is an inclined surface, the 153 height difference is calculated with respect to the center of the tank. This pressure-controlled 154 injection method was adopted for its easy implementation. However, as it will be shown in the 155 9 Discussion section, the injection flowrate resulting from this constant pressure potential condition 156
shows fluctuations due to the influence of 1) the relative permeability of the NWP and 2) the 157 intrinsic permeability of the sands intersected by the plume. 158
159
Figure 1 Schematic of the flow cell. Injection of NWP takes place from a well placed at the 160 bottom of the aquifer. The aquifer has a gentle slope (3º) in the direction of the ambient flow 161 (right to left). Coarse #8 sand is packed along upstream and downstream boundaries to equally 162 constrain constant head conditions. Electronic scales continuously track NWP inflow and WP 163 outflow masses. 164
Design of the heterogeneous setup 165
To explicitly represent a sedimentary structure with a correlated permeability field in a 166 synthetic aquifer we follow the experimental approaches of Barth et al. [2001] and Fernandez-167 Garcia et al. [2004] . Six different sieve sizes are used to approximate a target log-normal 168 distribution of the facies-based permeability field and populate a two-dimensional rectangular 169 array of 122 by 25 cells with dimensions (2 × 2) cm 2 . The six categories (or facies) correspond to 170
Granusil silica sands #16, #20, #30, #50, #70, and #110, from coarsest to finest, spatially arranged 171 as shown in Figure 2A (see Table 2 for physical properties of the sands). Figure 2B shows the 172 target histogram of lnk values for the six facies populating the permeability field (except for #8 173 sand used for boundaries and wells). Their volumetric fractions are: 3%, 11.4%, 19.5%, 30.8%, 174 24.6%, and 10.7%, respectively, following the log-normal distribution of permeability. The 175 moderate permeability contrast of the experimental setup is used to shorten the experimental time 176
by facilitating faster plume migration compared to actual reservoirs. 177
In order to compare the degree of heterogeneity of the synthetic reservoir with cases of 178 practical interest, we estimate the permeability variation using the Dykstra-Parson coefficient VDP 179 [Craig, 1993] : 180
where k50 is the mean permeability and k84.1 is the mean permeability plus one standard deviation; 182 for a homogeneous reservoir VDP approaches zero, while for an extremely heterogeneous reservoir 183 VDP would approach one. For this study, VDP is 0.73, which is in agreement with values reported 184 in the literature [Behzadi and Alvarado, 2012; Farajzadeh et 
where c0 is the sill, hi is the lag distance in the i direction (x, z), and a0,i is the range. The correlation 207 length is defined as λi = a0,i/3. The layered structure is built by assigning long horizontal (100/3 208 cm) and shorter vertical (4/3 cm) correlation lengths as input parameters for SIS simulations. 209 Figure 2D shows the experimental variograms along the flow direction for 20 SIS realizations 210 Prior to injection, the porosity variation of the sand pack was determined for both 222 homogeneous and heterogeneous packing configurations by measuring x-ray attenuation across 223 the flow domain (supporting information Figure S1 ). Since the sands have all similar porosity 224 (~0.4), their spatial distribution is not distinguishable from this contour plot; however, the evidence 225 of an inclined stratification, as well as of the clay layer confining the aquifer (porosity>0.5) is 226 clear. The higher average porosity observed in the heterogeneous case is due to the looser packing 227 carried out to minimize the mixing of finer and coarser sands. 228
Boundary conditions 229
A constant pressure (Pb=1.7 kPa) boundary condition is applied at the injection well (see Prior to NWP injection, different background hydraulic gradients were tested to mimic the 236 effect of regional groundwater flow through deep saline aquifers [Larkin, 2010] , as shown in 237 injected. Additionally, we introduce the perimeter-to-area ratio (P/A) as an indicator of plume 283 surface available for dissolution and chemical reactions. 284
Homogeneous scenario 285
The homogeneous experiment is designed to represent the simplest setting for a buoyant plume 286 to migrate through a porous domain. The purpose of this fairly simplistic setup is twofold: 1) to 287 observe plume behavior during successive drainage and imbibition events, which could be used in 288 the future for testing two-phase flow models considering the effect of hysteresis, and 2) to provide 289 a control experiment to compare with a more complex permeability field. reaches the caprock at the same time the injection is halted, the influence of aquifer dip on plume 295 geometry is minimal during this stage. Also, towards the completion of this stage, the displacement 296 front shows some unstable behavior characterized by several short-range fingers, possibly due to 297 the buildup of the injection flow rate, causing viscous forces to dominate over capillary forces. 298
The plume at the end of this stage is referred to "early plume", and the saturation (i.e., maximum 299 initial saturation for later imbibition) in this plume under drainage is relatively high. 300 heterogeneous cases, 595 ml and 657 ml, respectively. However, the final mobile volume (243 483 ml) in the heterogeneous case is significantly larger than that (34 ml) in the homogeneous case, 484 because of local structural "pocket" trapping caused by heterogeneity structures and capillary 485 barrier effects. In addition, the heterogeneity elongates the time (3.6 months) needed for plume 486 stabilization after two injection events, much longer than that (24 days) for the homogeneous cases. 
First moment 506
The analysis of first spatial moments allows tracking the position of plume's centroid in the x-507 z plane during the temporal evolution of the NWP plume. As shown in Figure 8 , whenever the 508 plume breaks through at the outflow boundary, the center of mass reverses its original migration 509 direction (both horizontally and vertically) and starts moving countercurrent with respect to the 510 dipping angle of the aquifer and the background flow. This characteristic behavior is observed in 511 both scenarios and during both injection events. In the homogeneous scenario, the observed 512 behavior is essentially identical during the two injection events. In the heterogeneous scenario 513 (right column in Figure 8 ), however, an overall equilibrium is quickly attained after the first 514 injection, both horizontally and vertically, while after the second injection event, a slower upward, 515 left-bound movement of the plume centroid takes place for approximately two months, 516 culminating with the breakthrough into the outflow boundary. 517
Another interesting observation is that in the homogeneous scenario the plume remains very 518 close to the caprock, as compared to the heterogeneous scenario. This behavior could have 519 important implications in actual field conditions, where avoiding a prolonged seal exposure to CO2 520 may prevent mineral reaction that can undermine its geological integrity. (right boundary) to 400 mm (left boundary). 527
Assessment of flow regimes 528
As the primary objective of this type of experiments is to mimic flow behavior of a scCO2 529 plume through a brine-saturated aquifer, the injection flowrate was maintained inside the limits of 530 capillary/buoyancy-dominated flow regime. Evidence from laboratory [England et al., 1987] and 531 field observations [Cavanagh and Haszeldine, 2014] suggest that for capillary number (Ca) < 10 -532 5 , buoyant fluids such as oil or CO2 move across the porous medium via gravity-driven ganglia 533 and therefore can be modeled with numerical methods that neglect viscous forces, such as invasion 534 percolation [Frette et al., 1992; Meckel et al., 2015] . For the experiments presented here we 535 estimate capillary numbers with two different methods: 1) from NWP velocity (flowrate/well area) 536 For visualization purposes, the length of the heterogeneous plot was reduced from 2500 to 1000 545 hours. 546
Injection flow rate evolution 547
For the homogeneous experiment (Figure 10 , left column), the first and second injection events 548 take 22 hours and 23 hours to complete the target injection volume of 1 L. For both injection 549 events, the flow rate rose monotonically from 0.31 ml/min to 1.16 ml/min. This behavior could be 550 explained by near-well enhanced NWP relative permeability caused by saturation increase with 551 time and by the growth of the plume in both length and width. 552
For the heterogeneous experiment (Figure 10 , right column), the injection duration extends to 553 27 and 30 hours during the first and second injection events. During the first injection, the flow 554 rate shows several rapid changes indicating a strong influence of the permeability structure. The 555 higher rate during the first 10 hours indicates easy injection into the first cluster of high-556
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31 permeability sand facies (see Figure 2A ) with the lower plume pool as shown in the first row of 557 Figure 5 . The later behavior of the injection rate with a decrease and then a gradual increase 558 indicates the impact of low-permeability sand (#70) that is broken through by NWP to form the 559 upper plume pool. The smaller fluctuations of the injection rate show the impacts of smaller-scale 560 structures of permeability within each cluster. For the second injection event, the injection rate 561 decreases sharply and then increases gradually, showing a smoother evolution. This behavior of 562 the injection rate clearly shows the control of the low-permeability sand between the two clusters 563 of high-permeability sands. The quick reduction can be attributed to this structure because the high 564 saturation in the lower pool remains stable during the first redistribution stage and thus does not 565 change the relative permeability significantly. At later time of injection, the rate is similar for both 566 injection events because the flow paths connecting the two pools are also stable in terms of 567 saturation and relative permeability. Overall, the evolution of the injection rate depends on the 568 absolute permeability, saturation-dependent relative permeability and the structure of absolute 569 permeability that controls the pools of plume. It will be very interesting to use numerical modeling 570 to match the observed flow rates with all known heterogeneity structures and plume evolution with 571 quantified high-resolution saturation. the current large tank system involves four main additional features: 1) a larger influence of 583 buoyancy forces, enabled by a lower aspect ratio of the aquifer; 2) the implementation of a 584 background hydraulic gradient; 3) the sequential injection scheme and cyclic drainage and 585 imbibition; 4) a larger variability of the permeability field. These features, in addition to the meter-586 scale system and long-term monitoring, make some of the observations discussed above unique 587 and first of the kind. 588 
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Concluding remarks 589
The large tank experiments show the asymptotic values of trapping and storage efficiency 590 factors with multiple cycles of drainage and imbibition under an ideal homogeneous scenario and 591 a more realistic heterogeneous one. The trapping efficiency factor reduces from 65% after the first 592 redistribution stage to 51.5% after the second redistribution stage in the homogeneous experiment, 593 while it reduces from 100% to 64.3% from the first to the second redistribution stage in the 594 heterogeneous experiment. The enhanced trapping efficiency in the heterogeneous case can be 595 attributed to the local structural trapping, i.e., pocket trapping, which is caused by combined 596 heterogeneity structure and capillary barrier effect. For the homogeneous case, all trapped NWP 597 mass is due to combined residual saturation and hysteresis caused by cyclic drainage and 598 imbibition. Even though the beneficial effects of sequential injections cannot be fully tested due 599 to unfeasibility to perform a benchmark experiment with one single 2L-injection, such schemes 600 are being increasingly scrutinized and often advocated by numerical studies [Huber et al., 2016; 601 Rasmusson et al., 2016; Shamshiri and Jafarpour, 2012] . 602
The observations of these large tank sandbox experiments allow to draw the following 603 conclusions: 604
1. When performed in relatively homogeneous systems, subsequent NWP injections can enhance 605 the reservoir space occupied by the plume, increase NWP mass trapped by capillary forces, 606 and achieve higher residual saturations by hysteresis caused by drainage/imbibition cycles. 607
Under constant injection pressure, the injection rate for the two injection events linearly 608 increases with time following the same trend. 609
